ABSTRACT: Vibriosis is a major disease problem in prawn aquaculture. Until now there has been no clear explanation why some strains of Vibrio are pathogenic, while others are not. This study demon- 
INTRODUCTION
Luminous vibrios have been shown to cause serious mortalities in larval prawn systems worldwide (LavillaPitogo et al. 1990) . Vibrio harveyi was identified as the predominant microorganism that caused significant mortalities associated with luminescence in larval cultures of Penaeus monodon in the Philippines ). Outbreaks of disease due to V. harveyi have also been observed in Indonesia (Sunaranto et al. 1986 ), Thailand (Jiravanichpaisal et al. 1994) , India (Karunasagar et al. 1994) , Australia (Pizzutto & Hirst 1995) and Taiwan (Liu et al. 1996) . Some strains of V. harveyi have caused 100% mortality in P. monodon larvae at challenge doses of 10 2 colony forming units (CFU) ml -1 ). However, the majority of strains of V. harveyi that have been isolated from both diseased prawns and from environmental sources do not cause mortality in P. monodon larvae at challenge doses of 10 6 CFU ml -1 (Pizzutto & Hirst 1995) . Currently there is no clear explanation for the large variation in pathogenicity among strains of V. harveyi. Pizzutto (1992) reported that virulent strains of Vibrio harveyi could not be separated from avirulent strains on a phylogenetic basis. Subsequently, Pizzutto & Hirst (1995) suggested that virulent isolates within V. harveyi are rare and that virulence may be explained by a genetic transfer of virulent factors. In 1999, Ruangpan et al. observed a bacteriophage as well as bacterial cells in Penaeus monodon tissues infected with V. harveyi. They reported that the phage may either promote the production of an existing toxin or somehow induce the production of a new one.
The luminous Vibrio harveyi Strain 642 has been shown by Muir (1990) to be to be virulent to Penaeus monodon. Harris & Owens (1999) demonstrated that this strain produced a proteinaceous exotoxin capable of causing mortality in mice and P. monodon at 3.1 and 2.2 µg g -1 respectively. Recently, Oakey & Owens (2000) reported a prophage in V. harveyi Strain 642. The bacteriophage was named V. harveyi myovirus like (VHML). This bacteriophage was shown to be able to infect a narrow host range with a preference for certain strains of V. harveyi.
Previously, the infection of a specific bacteriophage into a bacterium has been shown to initiate virulence in that bacterium. This has been reported for such bacteria as Corynebacterium diphtheriae, Group A streptococci, staphylococci, Pseudomonas aeruginosa, Escherichia coli and Vibrio cholerae (Rajadhyaksha & Rao 1965 , Takeda & Murphy 1979 , Johnson et al. 1980 , Hayashi et al. 1990 , Waldor & Mekalanos 1996 .
The current project was designed to investigate if the infection of Bacteriophage VHML was responsible for virulence in Vibrio harveyi Strain 642. This was demonstrated by infecting previously naïve, avirulent strains of V. harveyi with VHML to determine whether virulence was conferred.
MATERIALS AND METHODS
Source of bacterial strains. All isolates were from the Microbiology and Immunology culture collection at James Cook University, Townsville, Australia. Vibrio harveyi Strain 642 had previously been shown to contain Bacteriophage VHML, while Strains 12, 20, 45 and 645 had previously been shown to contain no bacteriophage by Oakey & Owens (2000) . The 5 strains were initially supplied by the Sir George Fisher Centre for Tropical Marine Studies, James Cook University, with Strains 642 and 645 belonging to the Australian collection of marine micro-organisms.
Bacteriophage extraction and infection of bacteria. The methods for the extraction of the bacteriophage from Vibrio harveyi Strain 642 and the infection of the bacteriophage into the naïve hosts were as described by Oakey & Owens (2000) .
Vibrio harveyi Strain 642 was cultured in broth containing 5 g l -1 peptone, 1 g l -1 yeast extract and 33 g l -1
synthetic sea salt, PYSS (Aquasonic) and incubated for 12 h on an orbital shaker at 28°C. The culture was induced into the lytic cycle by the addition of 50 ng ml -1 mitomycin C (Sigma-Aldrich) and further incubated for 10 to 12 h on an orbital shaker at 28°C. Cells were pelleted by centrifugation at 5000 × g for 10 min. The supernatant was harvested and filtered using a Millipore filter system through a 0.45 µm disposable Millipore filter. The bacteriophage was pelleted by ultra-centrifuging the cell free supernatant at 200 000 ×g for 4 h. The pelleted bacteriophage was resuspended in 0.5 ml of sterile SM buffer (Maniatus et al. 1982) , and stored at 4°C. The 4 naïve Vibrio harveyi strains were cultured in 100 ml aliquots of PYSS and incubated as stated previously until OD 600 was approximately 0.2. A volume of 100 µl concentrated bacteriophage extract from V. harveyi Strain 642 was added to the aliquots. All flasks were returned to incubation for 2 h to allow infection to occur. These cultures were then stored in 10% glycerol at -20°C for working stock and -80°C for long-term storage. All cultures with added bacteriophage and 1 without bacteriophage (control) were induced with 50 ng ml -1 mitomycin C and further incubated. Optical density readings were then taken periodically through the experiment to a maximum of 30 h post-induction. A decrease in the OD 600 which was not evident in either the control or the induced control was taken as a presumptive infection with the 642 bacteriophage extract. The control and induced control were cultures of the 4 naïve V. harveyi which did not receive the 642 bacteriophage extract.
Preparation of cell-free supernatant. Cell-free supernatant (CFS) was prepared using a method modified from Harris & Owens (1999) . Vibrio harveyi, with and without the bacteriophage, were cultured in sterile PYSS to a density corresponding to an absorbance of 1.0 to 1.2 at 600 nm. This corresponded to a cell density of approximately 10 9 CFU ml -1
. At this cell density, the concentration of toxin is at its maximum (Harris 1998) . Cells were pelleted by centrifugation at 12 200 × g for 20 min. The supernatant was harvested and filtered through a 0.22 µm disposable syringe filter (Sartorius). A 50 to 300 times concentration of the supernatant was achieved by filtration through a 75 mm YM100 (100 kDa) Diaflo ultrafiltration membrane (Australasian Medical and Scientific) in an Amicon (Millipore) Model 8200 ultrafiltration stir-cell at 4°C, under pressure of nitrogen gas applied at 100 psi.
Analysis of CFS protein profiles by SDS-PAGE. Estimation of total protein in solution was performed by the Pierce bicinchoninic acid assay (Progen Industries). One-dimensional polyacrylamide gels of 7.5 cm length, using 0.75 mm spacers, with a 12% separating gel were prepared and run by the method of Pizzutto (1992) , being a modification of the method of Laemmli (1970) . The CFS from each strain of Vibrio harveyi with and without the bacteriophage was diluted with PBS to a uniform protein concentration. This was then diluted with SDS-reducing buffer at a ratio of 1:1. Samples were boiled for 5 min and used immediately in SDS-PAGE. Electrophoresis was performed at 125 V until the tracking dye left the bottom of the gel. Protein bands were visualised by staining with silver stain.
Determination of differences in haemolysin production of strains infected with phage from Vibrio harveyi Strain 642. Dual layer agar plates were prepared by making a thin PYSS agar (1.5% agar) layer and overlaying this with PYSS agar (1.5% agar) containing 5% sheep blood. Bacteria were plated onto PYSS agar plates using isolation streaks and incubated overnight. Individual colonies were transferred from PYSS agar plates onto dual layer plates using sterile toothpicks and incubated overnight. Both the colony diameter and the haemolysis diameter were measured.
Challenge of Penaeus monodon larvae. Bath challenge of P. monodon nauplii was performed by a modified method used by Muir (1990) and Harris & Owens (1999) . Nauplii were challenged with 10 6 CFU ml -1 of bacteria per flask of 15 larvae in 150 ml. An equivalent volume of PYSS broth was used as a broth control. The 4 naïve strains of Vibrio harveyi without the bacteriophage were also used as controls. The larvae were assessed for survival after 48 h from initial challenge.
Identification, and isolation of toxic sub-unit bands from Vibrio harveyi Strain 642. The toxic protein subunits from V. harveyi Strain 642 were identified in the SDS-PAGE gels by 2 methods. Firstly, the molecular weight of each sub-unit was known to be 58, 48, 47, 46, 45, 39 and 21 kDa respectively (Harris & Owens 1999) . Secondly, a direct comparison with images of the entire protein profile, including toxin sub-units, reported by Harris & Owens (1999) ensured that the correct protein bands were isolated.
The antigen for the production of polyclonal and monoclonal antibodies was obtained by running concentrated CFS from Vibrio harveyi Strain 642 on a reducing gel by SDS-PAGE. After the running dye had run off the bottom of the gel, 3 cm of the side of the gel, including the marker lane, was removed and placed into Coomassie blue stain. The stained gel segment was then re-aligned with the original gel and the area on the unstained gel that correlated with the toxic protein bands was removed with a gel cutter and stored at 4°C for emulsion.
Western blots. The transfer of the CFS electrophoresed from gels to polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore), and the subsequent Western blot procedure were performed following the method of Towbin et al. (1979) . The monoclonal antibodies (MAbs) (see later subsection) were added undiluted for 1 h. At the end of this period, the blots were washed with PBS, and goat anti-mouse IgY (H + L)-horseradish peroxidase (HRP) conjugate (Jackson Immuno Research) was added at 1:1000 in diluent (TropBio) for 1 h and then developed.
Immunisation of mice. Six wk old balb/c male mice were injected 3 times intraperitoneally (i.p.) with specific toxin sub-units from Vibrio harveyi Strain 642, emulsified with PBS, at 2 wk intervals at a dose of 300 µl. At the last boost, the mice were also boosted with 50 µl CFS from V. harveyi Strain 642 into the tail vein; 4 d after the final boost, the mice were killed using CO 2 and the spleens were removed aseptically.
Hybridoma and MAb production. Hybridomas were produced following the method of Zola (1995) .
The spleen cells of the immunised mouse were fused with Sp2/0 myeloma cell line; 14 d after fusion, hybidomas were screened using an antibody-capture ELISA, and positive wells were expanded and recloned until a stable positive cell line was obtained.
Screening hybridoma supernatants by ELISA. Hybridoma supernatants were screened using an antibody-capture ELISA to determine positive/negative cell lines after fusion; 96-well plates (IWAKI, Crown Scientific) were first coated with 1× CFS from Vibrio harveyi Strain 642 in carbonate-bicarbonate buffer, pH 9.6, in a 100 µl well -1 for 24 h at 36°C. After the plate had been coated with antigen and dried overnight, 100 µl of the supernatant from the hybridomas under investigation was added to the wells and further incubated for 1 h. Goat anti-mouse IgG (H + L)-HRP conjugate was added at 1:1000 in diluent at 100 µl well -1 for 1 h and 2, 2'-azino-di-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) (KPL Europe) was added and incubated for a further 1 h prior to determining the colour formation. Between each step, the wells were washed 3 times with ELISA wash buffer (TropBio). Results were read with an ELISA reader (Labsystems, Multiscan EX) using dual absorbance of 414 and 492 nm.
Statistical analysis. All data were checked for normality and, if required, transformed to meet assumptions of normality. Analysis between groups was performed by a univariate analysis of variance, and a comparison of individual means was performed using a LSD multiple comparison.
RESULTS

SDS-PAGE analysis of CFS derived from strains of
Vibrio harveyi uninfected and infected with Bacteriophage VHML
There was a visible difference in protein production from the strains of Vibrio harveyi with the bacteriophage compared to the same strains without the bacteriophage. It was also observed that the Virulent Strain 642 produced much higher levels of extra-cellular protein compared to the previously naïve strains that were infected with Bacteriophage VHML.
From these SDS-PAGE gels it was visually evident that Bacteriophage VHML caused an up-regulation of certain extracellular proteins from Vibrio harveyi Strains 12, 20, 45 and 645 (Figs. 1, 2, 3 & 4 respectively) . The 4 Strains 12, 20, 45 and 645 also exhibited some additional protein bands from the infected strains compared with the same strain without the bacteriophage.
Haemolysin production on dual layer agar
The differences in haemolysin production from Vibrio harveyi Strains 642, 12, 20, 45 and 645 are shown in Fig. 5 .
The halo size and colony size from the particular strains of Vibrio harveyi that were infected with Bacteriophage VHML were, as a group, significantly different (F = 74.9, df = 8, 333, p < 0.001 and F = 51.1, df = 8, 331, p < 0.001 respectively) from the strains without Bacteriophage VHML (Tables 1 & 2) . The size of the haemolysin halo of the individual strains of V. harveyi that were infected with the bacteriophage showed a significant difference (p < 0.001) from the same individual strains without the bacteriophage, except for Strain 20, which was not significantly different (p > 0.05).
The diameter of the haemolysin halo of Strain 45 with the bacteriophage was significantly different (p < 0.001) from that of all other strains of bacteria tested. The diameter of the haemolysin halo of Strain 45 without the bacteriophage was significantly different (p < 0.05) from that of all other strains, except for Strains 12 and 20 with the bacteriophage. The diameter of the haemolysin halo of Strain 12 without the bacteriophage was significantly different (p < 0.001) from that of all other strains, except for Strain 645 without the bacteriophage.
The colony sizes of the Vibrio harveyi Strains 20 and 645 infected with the bacteriophage were significantly different (p < 0.001) from the sizes of the same strains without the bacteriophage. However, Strains 12 and 45 infected with the bacteriophage were not significantly different (p > 0.05) from the same strains without the bacteriophage (Table 2) .
Bath challenge of Penaeus monodon larvae with Bacterial Strains 12, 20, 45 and 645 with and without phages
From Fig. 6 , it can be seen that mortalities caused by the Vibrio harveyi strains with the bacteriophage were significantly greater (F = 34.9, df = 9, 129, p < 0.001) than mortalities caused by the strains of V. harveyi without the bacteriophage. Table 3 shows that V. harveyi Strain 642 caused significantly higher (p < 0.001) mortalities among the larval prawns than any of the other bacterial strains. A statistical analysis using Pearson's correlation showed that there were significant correlations (p < 0.05) between an increase in the size of the haemolysin halo and an increase in colony size of the bacteria with increased mortalities. However, these data are limited due to there being only 9 points of data.
Monoclonal antibody exotoxin subunits of Vibrio harveyi Strain 642
The results of the 4 strongest MAbs against specific protein bands in Vibrio harveyi Strain 642 and the 4 previously naïve strains are shown in 
DISCUSSION
Some strains of Vibrio harveyi have been shown to be capable of devastating commercial penaeid hatcheries, while other strains have been shown to be a part of the natural flora of the marine environment and cause no disease. Until now, this strain-specific virulence of V. harveyi has not been understood. Pizzutto & Hirst (1995) suggested that virulence may be explained by a genetic transfer of virulence factors. Bacteriophage-mediated virulence has been suggested by Ruangpan et al. (1999) . However, no work was undertaken to prove this. Bacteriophagemediated virulence has previously been reported for a variety of bacteria. For example, under the influence of specific bacteriophages, Corynebacterium diphtheriae will produce diphtherial toxin (Rajadhyaksha & Rao 1965) , Group A streptococci produce pyrogenic exotoxin (Johnson et al. 1980) , staphylococci produce enterotoxin A and staphylokinase (Coleman et al. 1989) , Pseudomonas aeruginosa produces cytotoxins (Hayashi et al. 1990) , some strains of Escherichia coli produce both verotoxins and cytotoxins (Takeda & Murphy 1979 , Newland et al. 1985 , Karch et al. 1987 ) and V. cholerae Strains 01 and 0139 will produce cholera toxin (Waldor & Mekalanos 1996) . Our study is the first report showing clear evidence that a bacteriophage can confer virulence to strains of V. harveyi.
In this investigation, 5 separate experiments were undertaken to investigate and confirm that the presence of Bacteriophage VHML is either partly or fully responsble for the virulence in Vibrio harveyi Strain 642.
Optical density values were used as a suggestive measure that Bacteriophage VHML infected the previously naïve V. harveyi Strains 12, 20, 45 and 645. Haemolysin production on dual layer blood/PYSS agar (3% NaCl), protein profiles and the production of MAbs against the toxic protein bands of Strain 642 were used as confirmational methods that the bacteriophage had infected the 4 previously naïve strains. These 3 experiments also suggested that the bacteriophage confers virulence. The bioassay experiment was used to show that the previously naïve strains of V. harveyi infected with the bacteriophage were significantly more pathogenic to larval penaeid prawns than the same strains uninfected with the bacteriophage. This experiment confirmed the transduction of virulence via the bacteriophage into strains of bacteria. The toxic protein bands in V. harveyi Strain 45 were not seen with the MAbs. This may have been due to either the production of these protein bands being to small to be visualised or the epitope being modified in some way. This needs further work to be clarified.
The level of haemolysin production has been used often as an indicator of potential virulence. Chang et al. (2000) suggested that the pathogenicity of bacteria isolated from prawn hepatopancrei was correlated with lysis of prawn haemocytes. Of 38 pathogenic and 170 non-pathogenic strains of Klebsiella sp., 76 and 0.59% of the strains, respectively, were haemolytic (Singh & Sharma 1999 Vibrio harveyi strains infected with the bacteriophage compared with the same strains uninfected with the bacteriophage correlated with an increase in virulence. Harris & Owens (1999) used SDS-PAGE to show that Vibrio harveyi Strain 642 secreted a protein that was toxic to larval penaeid prawns. This protein had 6 subunits with molecular sizes of approximately 58, 48, 47, 46, 45 and 39 kDa. The 4 strains of V. harveyi used in the present study showed considerable differences in protein production between the strains infected and uninfected with the bacteriophage using SDS-PAGE. This was demonstrated by differences in the level of protein synthesis, and some strains demonstrated additional proteins that were similar in size to the toxin bands from Strain 642. This experiment demonstrated that Bacteriophage VHML caused up-regulation of protein excretion in 4 of the strains infected with the bacteriophage.
The use of MAbs is a popular and specific practice for the detection of exotoxins. MAbs have recently been developed for the detection of aflaxtoxin B 1 , which is the most toxic member of a group of toxic compounds produced in strains of Aspergillus flavus (Gathumbi et al. 2001) . Wagner et al. (1999) produced antibodies against a major exotoxin of the fish pathogen Aeromonas salmonicida ssp. achromogenes. The MAbs developed for the detection of the toxin subunits from Strain 642 were used to detect the same protein bands in Vibrio harveyi Strains 12, 20, 45 and 645. The MAbs showed that 3 out of the 4 strains infected with the bacteriophage produced bands that were recognised by the MAbs while no bands were detected in the strains uninfected with the bacteriophage. The MAbs confirmed that the infection of Bacteriophage VHML resulted in proteins being synthesised and excreted by the previously naïve bacteria and that some of these proteins were recognised as sub-units of the exotoxin from V. harveyi Strain 642.
Bioassays can be used to determine the virulence of an organism towards the experimental animal. Muir (1990) used bath inocula to determine the pathogenicity of various bacteria towards prawn larvae. Similarly, Harris & Owens (1999) determined the virulence of Vibrio harveyi Strain 642 by using a bath challenge with larval prawns. The bioassay in this study demonstrated that the 4 V. harveyi Strains 12, 20, 45 and 645 infected with Bacteriophage VHML caused higher mortality in larval penaeid prawns than the same strains uninfected with the same bacteriophage. This demonstrates that Bacteriophage VHML confers virulence to previously naïve strains of V. harveyi.
The larval prawns immersed in broth with no bacteria in the bioassay showed relatively higher mortalities compared with those for Strains 12, 20 and 645 uninfected with the bacteriophage. This may have been due to the fact that prawn nauplii begin to feed at approximately 40 h after hatching. The nauplii were challenged with the bacteria 4 h after hatching and the bioassay ran for 48 h. Since protozoea are filter-feeders, the protozoea that were challenged with the bacteria uninfected with the bacteriophage would have been feeding on those bacteria 40 h post-hatching after they moulted into protozoea, while those immersed in the broth would have had no bacteria to feed on and possibly died of starvation.
In conclusion, the infection of Bacteriophage VHML in Vibrio harveyi Strains 12, 20, 45 and 645 resulted in up-regulation of haemolysin, an up-regulation of protein synthesis with some proteins being recognised as the same toxic subunits found in V. harveyi Strain 642, and an increase in virulence towards larval penaeid prawns. It is concluded that Bacteriophage VHML could confer virulence to V. harveyi Strains 12, 20, 45 and 645 and that Bacteriophage VHML either fully or partly confers virulence in V. harveyi Strain 642. The abundance of VHML in the environment is unknown. Other strains of bacteria are currently being investigated to determine if VHML can confer virulence to them.
